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A novel method to produce optical waveguides is demonstrated for lithium niobate LiNbO3. It is based on
electronic excitation damage by swift ions, i.e., with energies at approximately 1 MeV/amu or above. The
new technique uses high-energy medium-mass ions, such as Cl, with electronic stopping powers above the
threshold value for amorphization 5–6 keV/nm, reaching the maximum value a few micrometers inside
the crystal. At the ultralow fluence regime 1012–1013 cm−2 an effective nanostructured medium is obtained
that behaves as an optical waveguide where light propagates transversally to the amorphous nanotracks
created by every single impact. The method implies a reduction of 4 orders of magnitude with respect to He
implantation. The optical waveguides present reasonable losses 10 dB/cm and significant second-
harmonic generation (SHG) and electro-optic (EO) responses (50% bulk) for the lowest fluences. © 2007
Optical Society of America
OCIS codes: 130.3730, 130.4310, 160.3730, 190.4390.Ion implantation [1] of light ions (H, He) at energies
of 1–3 MeV is a well-known procedure to fabricate
optical waveguides and integrated optics devices on
dielectric crystals [2]. The physical basis is the disor-
der and partial or full amorphization of the crystal at
the end of the ion range caused by nuclear collisions
between the incoming ions and the atoms of the ma-
terial. A main disadvantage is that the required ion
fluence (and therefore irradiation time) to achieve
amorphization is very high 1016–1017 cm−2. This
feature has hindered the routine commercial use of
ion implantation, so cheaper and simpler methods
such as metal in-diffusion [3,4] or proton-exchange
[5,6] are mostly used for LiNbO3. This crystal has
been used in the present work since it is still a refer-
ence material in photonics for electro-optic (EO) and
nonlinear optical applications [7]. Recently, the use of
heavier ions and higher energies to induce damage
and amorphization via electronic excitations has
started to be explored. A method to produce high
index-jump optical waveguides producing thick bur-
ied amorphous layers by accumulation of (subthresh-
old) electronic damage with moderate fluences
1014 cm−2 was demonstrated in LiNbO3 [8] and
KGW [9] and is an alternative to light ion implanta-
tion.
The purpose of this Letter is to go a step further
and report on a novel method to fabricate a nano-
structured effective medium for LiNbO3 that acts as
an optical waveguide. It dramatically reduces the re-
quired ion fluences down to 1012 cm−2, while essen-
tially keeping the nonlinear optical performance. The
physical basis is as follows: Irradiation with medium-
0146-9592/07/172587-3/$15.00 ©mass ions having sufficiently high energy so that
their electronic stopping power Se is above a certain
threshold value (Sth5–6 keV/nm for LiNbO3) gen-
erates amorphous tracks with a nanometric diameter
[10–13]. Each track is associated with a single ion
impact and presents [12,13] an isotropic refractive in-
dex (na=2.10 at =633 nm). It has been shown [14]
that for LiNbO3 and many other oxides the radius
Rcz of the track at a depth z increases monotoni-
cally with the stopping power Se zSth. If the irra-
diation parameters are chosen in such a way that Se
increases with depth up to a certain maximum and
then decreases, one expects tracks [13] whose cross-
sectional area has the profile illustrated in Fig. 1(a)
as a function of depth. This is the situation for irra-
diations with Cl at 46 MeV, in accordance with the
stopping power curves shown in Fig. 1(b). For mul-
tiple random ion impacts, the optical response of the
irradiated material can be derived from an effective
field approach for the dielectric permittivity, and so
the effective refractive index results from an ad-
equate averaging of those for the crystalline (no
=2.287 and ne=2.203 at =633 nm) and amorphous
na=2.10 regions. It is clear that the outside surface
layer would have a decreasing refractive index profile
and would cause light waveguiding [illustrated in
Fig. 1(a)] with the intensity profile of the fundamen-
tal mode. The remarkable feature is that the optical
waveguides are expected to be produced at substan-
tially lower fluences than in the standard implanta-
tion procedure. In fact, the fluences used in our work,
1011–1013 cm−2, are well below those causing overlap-
13 −2ping of the tracks 10 cm . Moreover, the index
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justed by suitable control of the ion energy and irra-
diation fluence.
The irradiations using Cl at 46 MeV were per-
formed in the 5 MV tandem accelerator installed at
the Centro de Microanálisis de Materiales, UAM [15].
The typical beam current was 1 nA, avoiding sig-
nificant charging and heating of the target. Samples
were x-cut LiNbO3 plates purchased from PHOTOX.
The effective indices of the propagating modes were
determined at =630 nm by the dark-mode tech-
nique using light coupling through a rutile prism.
The refractive index profiles were determined from
the effective indices by using the WKB method valid
for smooth profiles. Losses were determined through
the scattered light profile measured with a CCD cam-
era on a 2 cm long sample (also used for the EO mea-
surements). The second-harmonic generation (SHG)
susceptibility coefficient d33 relative to the bulk crys-
tal was determined for several irradiation fluences on
x-cut waveguides, using the emission of a doubled
Nd:YAG laser =532 nm as a fundamental beam
[16] in the reflection geometry. On the other hand,
the absolute value of the r33 EO coefficient was mea-
sured for TE polarization at =633 nm on a sample
irradiated with Cl 46 MeV at a fluence of 2
1012 cm−2. The method uses a Mach–Zehnder inter-
ferometric configuration [17]. The modulating volt-
age, of an amplitude of 20 to 100 V and a frequency
=1.13 kHz, was applied parallel to the z direction
by two deposited Al electrodes separated 1 mm along
the light-beam path inside the waveguide (y direc-
Fig. 1. (a) Schematic depth morphology of the tracks,
showing the amorphous core (black) and the surrounding
damage halo (dashed) generated after the passage of the
ion, which stops approximately where Sn is maximum. A
schematic light profile (M0) illustrates waveguiding behav-
ior that is generated in the top effective medium layer (em-
phasized with gray color). (b) Electronic, Se, and nuclear,
Sn, stopping power curves for Cl 45.8 MeV in LiNbO3 cal-
culated with SRIM2003. The dotted curve shows the corre-
sponding amorphization threshold, Sth.tion). The r33 EO coefficient was derived from the ra-tio between the components of the output light inten-
sity oscillating at  and 2  (I and I2,
respectively).
Both TE and TM modes can be measured at 
=633 nm in an x-cut sample after the Cl irradiation
at fluences above 1012 cm−2. Figure 2 shows as an il-
lustration the effective ordinary and extraordinary
refractive indices for the observed modes at 8
1012 cm−2 and 21012 cm−2 and the fitted index
profiles. The number of observed modes decreases
with fluence and below 51011 cm−2 no modes propa-
gate at the used wavelength. The refractive index
profiles for such low fluences can be adequately ob-
tained by assuming linearity with fluence. For flu-
ences at approximately 1013 cm−2 or above, a full
amorphous layer is generated and waveguiding at
the surface disappears.
Just after irradiation, losses appear to be very high
and cannot be measured with the scattering method.
Therefore, post-irradiation annealing treatments to
reduce losses without impairing the refractive index
profiles have to be applied to the samples. A good
compromise is a treatment at 250°C for 1 h. Pro-
files, shown in Fig. 2 for the representative fluence
81012 cm−2, are somewhat modified most likely due
to partial track recrystallization but still allow for
substantial light confinement. After such annealing,
losses are reduced to 10 dB/cm, which should still be
improved for some technological applications. The
reasons for these high losses are not yet clear. They
might be associated with residual absorption or scat-
tering by surface roughness, which is relevant at low
fluences.
The SHG coefficients d33, relative to the bulk sub-
strate value, are shown in Fig. 3 as a function of the
irradiation fluence. As for the refractive index and
due to the random distribution of the tracks, one
would expect an averaging of the efficiencies corre-
Fig. 2. Ordinary (closed symbols) and extraordinary (open
symbols) refractive index profiles at =633 nm for x-cut
LiNbO3 samples irradiated with Cl 45.8 MeV ions at the
fluence at/cm2 of 21012 (squares) and 81012 (circles).
The symbols correspond to the measured effective indices.
Horizontal dashed curves show the refractive index values
for the crystal (nos and nes) and amorphous na regions. A
guess of the expected refractive index profiles behind the
minimum is also plotted with a dotted curve. The refractive
index profiles after 1 h annealing in air at 250°C are
shown with dashed curves without symbols for the fluence
12 −2810 cm .
September 1, 2007 / Vol. 32, No. 17 / OPTICS LETTERS 2589sponding to crystalline (d33=25.7 pm/V [18]), and
amorphous d33=0 LiNbO3 regions. In fact, the data
show a fast monotonic decrease as a function of flu-
ence. For a fluence of 21012 cm−2 the yield amounts
to 50% of the bulk value, which is still quite signifi-
cant. In accordance with the averaging model the d33
data are approximately consistent with a radius of
2 nm previously measured [13] for the amorphous
tracks. The consistency of the data indicates that
both the linear and nonlinear optical responses of the
waveguide fabricated by our new irradiation method
can be well predicted.
On the other hand, the r33 EO coefficient has been
measured with good accuracy on a larger sample
(2 cm in length) that has been irradiated at 2
1012 cm−2. Figure 4 shows a clear linear depen-
dence on the ratio I2,m /I,m with the modulating
voltage amplitude Vm. From these data [17], a half-
wave voltage, V=639±16 V, and an electro-optic co-
efficient, r33=13.5±0.7 pm/V, have been obtained.
This latter value is 40% of that for the unirradiated
bulk crystal and shows a good correlation with the
d33 value (see Fig. 3).
In conclusion, novel optical waveguides have been
fabricated by ultralow fluence irradiation (i.e. in the
Fig. 3. Evolution of the relative d33 nonlinear coefficient
with the irradiation fluence of Cl 46 MeV ions. The dashed
curve is only a guide for the eyes.
Fig. 4. Experimental dependence of the ratio I2,m /I,m
with an amplitude of modulated voltage Vm, obtained for
the electro-optic coefficient measurement.isolated track regime) on LiNbO3. The new challeng-
ing waveguides use fluences 1012 cm−2 at approxi-
mately 4 orders of magnitude below those needed in
standard He implantation while still keeping sub-
stantial SHG yield and EO response 50% , al-
though losses are relatively high at this stage. They
represent a further 2 orders of magnitude reduction
in fabrication time in relation to a recently proposed
method [8] using fluences where strong track over-
lapping occurs, e.g., F 22 MeV at 1014 cm−2.
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